The Src protein tyrosine kinase plays a central role in the regulation of N-methyl-D-aspartate receptor (NMDAR) activity by regulating NMDAR subunit 2B (NR2B) surface expression. In the amygdala, NMDA-dependent synaptic plasticity resulting from convergent somatosensory and auditory inputs contributes to emotional memory; however, the role of Src tyrosine kinase has not been investigated. We have synthesized a Src-derived peptide, , that crosses the blood-brain barrier following injection and accumulates intracellularly. Tat-Src (40 -58) blocks the interaction of Src with NMDA receptors. Following injection, mice demonstrate impaired amygdala-dependent cued fear conditioning, as well as impairments in an amygdala-dependent nonassociative social recognition task. The Src inhibitor decreased NR2B phosphorylation in amygdala tissue and reduced NR2B surface expression in cultured amygdala neurons with a concomitant reduction in NMDA multimer-containing dendritic puncta. In addition, preincubation of this inhibitory peptide blocked amygdalar long-term potentiation in the lateral to basolateral pathway in vitro. These results indicate that Src is a key regulator of NMDAR trafficking in the amygdala. Furthermore, Src-dependent phosphorylation of NR2B supports amygdala plasticity and amygdalar-dependent learning.
Src is a nonreceptor protein tyrosine kinase that is expressed widely throughout the central nervous system. Src plays an important role in up-regulating the activity of the N-methyl-D-aspartate receptors (NMDARs) at glutamatergic synapses (Yu et al. 1997; Salter and Kalia 2004) . The NMDAR is a heterodimer of NR1 and NR2 subunits. The NR1 subunit is essential for pore formation and for the binding of several regulatory ligands, whereas NR2 subunits (NR2A-D) bind glutamate and determine the kinetic characteristics of specific NMDAR multimers (Monyer et al. 1994) . Unlike the NR1 subunit, NR2A and NR2B are tyrosine phosphorylated by Src family kinases (Lau and Huganir 1995) .
Recent studies have shown that NMDARs are subject to rapid activity-dependent trafficking between synaptic and extrasynaptic domains (Tovar and Westbrook 2002; Groc et al. 2006; Jeyifous et al. 2009) and that this trafficking is dependent on subunit tyrosine phosphorylation (Goebel et al. 2005; Snyder et al. 2005; Braithwaite et al. 2006) . Localization of NMDAR to the postsynaptic membrane depends on NR2B phosphorylation at tyrosine 1472 (Nakazawa et al. 2002 (Nakazawa et al. , 2006 Zhang et al. 2008) . While both Src family kinases Src and Fyn phosphorylate NMDARs, NR2B surface expression is regulated by clathrin-mediated endocytosis through a cyclin-kinase 5 (Cdk5)-dependent pathway that is regulated mainly by Src (Zhang et al. 2008) .
The circuits mediating auditory fear conditioning consist of auditory and somatosensory inputs that converge onto neurons within the lateral nucleus of the amygdala (LA) (LeDoux 2000) . The LA then projects to the central nucleus of the amygdala (CE), both directly and indirectly through the basolateral amygdala complex (BLA). Outputs from the central nucleus to the hypothalamus and brain stem then control the expression of fear responses such as freezing (Sigurdsson et al. 2007 ).
Activation of NMDARs within the LA and BLA is necessary for the acquisition of fear memories (Gewirtz and Davis 1997; Lee and Kim 1998; Bauer et al. 2002) . In addition, BLA and medial amygdala (MeA) activity are required for social recognition and affective responses to social cues (Fleming and Walsh 1994) , and NMDAR antagonists disrupt social recognition (Gao et al. 2009 ). An increase in Fos expression, indicative of neuronal activity, has been observed in various amygdalar nuclei following both fear and social learning (Fleming and Walsh 1994; Kubota et al. 2004) .
Here, we report that a Src peptide fragment ligated to the cell-permeable Tat motif , and previously shown to block the interaction of Src with the NMDARs (Gingrich et al. 2004) , inhibited NR2B phosphorylation in vivo, decreased NR2B surface expression in cultured amygdalar neurons, decreased cued fear conditioning and social recognition, and impaired amygdalar long-term potentiation (LTP). These results demonstrate that Src can regulate amygdalar synaptic plasticity and learning by controlling the surface expression of NMDARs at amygdalar synapses
Results
Src inhibition decreases the phosphorylation of NR2B at Y1472 and increases the activity-dependent internalization of NR2B/NMDARs
To first assess if intravenously injected Tat-Src (40-58) peptide could accumulate in the amygdala, mice were injected with a Tat-Src (40-58) peptide conjugated with dansyl 1 h prior to amygdala dissection (Fig. 1) . The dansyl epitope was detected in the amygdala of dansyl-Tat-Src (40 -58)-injected mice but not in the amygdala of mice injected with saline (Fig. 1A) . Furthermore, the tyrosine phosphorylation level of NR2B in Tat-Src (40-58)-injected mice demonstrated a significant decrease compared with saline-injected mice. Densometric quantification of the Western blots, probed using phospho antibody, showed that Tat-Src (40-58) treatment decreases the basal phosphorylation of Y1472 NR2B compared with control (control intensity: 72.76 + 5.59, n ¼ 7; Tat-Src [40 -58]: 46.51 + 9.462, n ¼ 7; P , 0.05, : 71.88 + 5.447, n ¼ 8; P , 0.05, F (1,19) ¼ 0.026) (Fig. 1B) . Thus, the inhibitory peptide accumulates in the amygdala sufficiently to reduce Src-dependent phosphorylation of NR2B.
Because inhibition of Src decreased phospho-Y1472 NR2B in the amygdala, we predicted that inhibition of Src interaction with the NMDAR complex should also result in an increased NMDARs endocytosis (Zhang et al. 2008) . To study the effect of Src inhibition on NMDA receptor internalization, we examined the effects of this peptide on NMDA subunit surface expression in neuronal cultures from the amygdala (Fig. 2) . Cultures were treated with peptide (20 mM) or saline for 1 h, fixed, and then immunostained with an NR1 antibody that recognizes an extracellular epitope. This surface NR1 immunostaining was followed by immunostaining with an antibody to NR2B (Fig. 2B) . We then used both intensity of the surface colocalizatin (Pearson's correlation) and the number of dendritic puncta containing colocalized receptor subunits to quantify NR2B surface expression (Fig. 2C,D) . There was a significant difference in surface colocalization between control and inhibitor-treated neurons (control: 0.76 + 0.00%, n ¼ 12; , 0.53 + 0.01%, n ¼ 10; P , 0.001, F (1,21) ¼ 166, ANOVA) (Fig. 2C) . Furthermore, in control cultures, 47.41 + 3.04 (n ¼ 13) of NR2B puncta were also stained with NR1 antibody, whereas in cultures treated with the peptide inhibitor only 23.01 + 1.81 (n ¼ 10) of NR2B puncta were also positive for NR1 (P , 0.001, F (1,22) ¼ 40.59, ANOVA) (Fig. 2D ).
Together these studies indicate that Src regulates the surface expression of NR2B-containing (i.e., functional) NMDAR multimers in the amygdala.
Src inhibition impairs cued fear conditioning
Cued fear conditioning is the most widely used behavioral task to assess amygdalar function (Phelps and LeDoux 2005) . Inhibitor-injected mice showed impaired fear-related learning in cued fear conditioning. Mice were injected 1 h prior to a single pairing of a tone (conditioned stimulus, CS) and a foot shock (unconditioned stimulus, US) on the conditioning day. Prior to pairing, there were no significant differences between groups in baseline freezing (control: 1.85 + 0.84, n ¼ 13; Tat (Fig. 3A) , suggesting that the peptide did not alter general anxiety. At 24 h after pairing, the mice were tested for long-term contextual and cued fear memory. Subjects were placed in a novel chamber for 3 min prior to the presentation of the tone; both control and Tat-Src (40-58)-injected mice displayed only weak freezing in the novel chamber (control: 9.13 + 1.56, n ¼ 16; Tat 
It is also possible that Src inhibition decreases expression, rather than formation, of auditory fear memory. To examine this, we trained mice for auditory fear conditioning as before but injected Tat-Src (40-58) and Tat-sSrc (40-58) 60 min before auditory testing rather than before training. Figure 4B shows that injecting the inhibitor before testing does not decrease the expression of an auditory fear memory. Freezing levels in both groups increased during the tone presentation : 62.12 + 6.330 n ¼ 9 and Tat-sSrc [40-58]: 55.89 + 4.885 n ¼ 9; P . 0.5, F (1,16) ¼ 0.61, ANOVA). Therefore, Src inhibition does not decrease expression of an auditory fear memory (Fig. 4B) .
Because pain sensitivity can also affect the strength of associative learning, we measured the pain threshold in two different tasks. First, nociceptive response was assessed using the tail-flick test, which engages supra-spinal pathways of the nociceptive system. Second, the minimum foot-shock intensity required to produce an audible vocalization response was determined. As shown in Table 1 , tail-flick latencies did not differ significantly between the groups; neither one-way ANOVA nor Tukey's post-hoc analysis revealed a difference between the two groups (control: 3.87 + 0.51, n ¼ 8; : 3.62 + 0.56, n ¼ 8, P . 0.5, F (1,15) ¼ 0.11, ANOVA). Similarly, the shock threshold for vocalization was unaltered (control: 0.26 + 0.01 mA, n ¼ 8; 
Src inhibition impairs social recognition
To further investigate the role of Src in amygdalar learning, we studied a second amygdalar-dependent task that does not rely on aversive stimulation, social recognition (Richter et al. 2005 ). Mice were injected 45 min prior to a training trial that consisted of a 15-min habituation to a new home cage, followed by a 2-min presentation of a novel juvenile (Presentation 1, P1). The social interaction time was measured, after which the animals were returned to their home cages. Mice were then tested 1 d after this initial interaction using the same juvenile (Presentation 2, P2). There was a significant reduction in the duration of investigation time in the saline-injected control group but not in the peptide-injected group, indicating that control mice were better able to recognize the pre-exposed juvenile (control P1: 71.61 + 6.25 sec, n ¼ 10; control P2: 46.90 + 6.23 sec, n ¼ 10; 
As a control, we examined the response to a novel (non-preexposed) juvenile presented after P2. In this test, there was no significant reduction in the investigation duration (Fig. 5B) , indicating that the reduction at P2 was specific to familiar juveniles. Thus, inhibitor injected mice are unable to form robust long-term memories for social recognition.
Impaired synaptic plasticity in inhibitor incubated slices
A long-lasting Hebbian synaptic potentiation (LTP) within lateral (LA) and basolateral (BLA) nuclei is a key neurocellular sequela of cued fear conditioning (Maren 1999b) . Therefore, we examined LTP in the amygdala in vitro following 1-h preincubation with either saline or 20 mM Tat-Src [40 -58] . In saline-treated slices, tetanic stimulation (consisting of five, 1-sec trains of 100 Hz) to the LA-BLA pathway induced a long-lasting potentiation (at 55 -60 min post-tet: 166 + 14% of baseline) (Fig. 6 ). In contrast, LTP was greatly diminished in slices preincubated with peptide (at 55-60 min post-tet: 119 + 5% of baseline; P , 0.02) while the early post-tetanic potentiation (PTP) was unaltered. Furthermore, Tat-Src (40-58) caused no significant reduction in the baseline population EPSP slope prior to tetanization (control slices: 0.75 + 0.07 mV/ms; peptide-treated slices: 0.66 + 0.10 mV/ms). For these data we conclude that Src activity is required for the LTP at LA to BLA synapses but not for basal neurotransmission.
Discussion
Blocking the interaction of the Src tyrosine kinase with the NMDAR complex impaired auditory conditioned fear memory and social recognition. Inhibition of Src-NMDAR interaction also attenuated NR2B phosphorylation and decreased NR2B surface expression in the amygdala. Furthermore, at the lateral to basolateral nucleus pathway (LA-BLA), inhibition of Src impaired LTP, a form of synaptic plasticity that is vital for encoding CS-US associations (Maren et al. 2001) . In sum, these data indicate that Src-mediated phosphorylation of NMDARs is necessary for two vital forms of amygdala-dependent learning. The amygdale is essential for both the encoding and storage of fear memories (Campeau and Davis 1995; LeDoux 2000) . Sensory information encoding the US and CS is conveyed by glutamatergic projections that terminate on neurons within both the basolateral and lateral nuclei (Fanselow and LeDoux 1999; Maren 1999a) . Neurons within the LA and BLA exhibit short-latency firing during US and CS presentation (Maren et al. 1991; Quirk et al. 1995) . Temporal pairing of the US and CS can induce LTP of CS-evoked AMPA-mediated synaptic responses both in vitro and in vivo (McKernan and Shinnick-Gallagher 1997) , suggesting that NMDAR-dependent Hebbian synaptic plasticity mediates the US-CS association at the neuronal level. Similarly, tetanic stimulation also induces a form of LTP that can be blocked by NMDAR antagonists (Gean et al. 1993; Maren and Fanselow 1995) . The NR2B subunit is expressed on the majority of thalamoamygdala dendritic spines (Radley et al. 2007) , and antagonism specific to NR2B-containing NMDARs can block both cued fear memories and synaptic potentiation (Li et al. 1995; Bauer et al. 2002; Nakazawa et al. 2006) . Significantly, mice lacking the Src phosphorylation site Y1472 of NR2B also show deficit fear learning (Nakazawa et al. 2002 (Nakazawa et al. , 2006 . Thus, our results underscore the importance of the Src-NR2B interaction in the regulation of amygdalar synaptic plasticity and learning. By controlling the surface expression of NR2B-containing NMDARs, Src-mediated phosphorylation regulates the threshold for NMDA-dependent synaptic plasticity and learning. Indeed, blockade of conditioned fear and LTP suggest that basal Src activity is necessary for proper expression of these behaviors, possibly by maintaining sufficient numbers of postsynaptic NMDA receptors.
The peptide Src inhibitor Tat-Src (40-58) was injected systemically so as to avoid confounds of neural damage associated with direct needle injection into the amygdala. Thus, while Tat-Src (40-58) blocked LTP in the LA-BLA pathway, it is possible that disrupted transmission or plasticity within other circuits, either within or outside the amygdala, could contribute to the observed deficits in conditioned fear. A decrease in nociceptive transmission could interfere with encoding of the US-CS association; alternatively, suppression of amygdale output or effects within those brain stem nuclei controlling fear behavior may also account for the observed response. The attenuation of the Figure 5. Long-term social memory is impaired in inhibitor-injected mice. Social recognition was assessed in two successive 2-min interaction trials with intertrial intervals of 24 h. On the training day, mice were injected 45 min prior to training. Mean investigation duration is shown for training and test trials. (A) Familiar juveniles were exposed to both groups at test trials. There was significant reduction in investigation duration, indicating long-term social memory in the saline-injected and Tat-sSrc (40 -58)-injected mice (open bars, * * P , 0.005 and striped bars, * * * P , 0.005) but not in the Tat-Src (40 -58)-injected group (solid bars). (B) Novel juveniles were exposed to both groups after the test trial; there was no significant difference in interaction times between these second novel juveniles and those present 24 h earlier.
freezing response in inhibitor-injected mice was not due to a deficit in pain perception, however, because injected mice have had normal post-shock freezing, freezing threshold, and tail withdrawal latency to hot water. Second, inhibitor-injected mice exhibited no impairment in context-dependent freezing relative to controls, indicating that downstream synaptic pathways mediating the freezing response were not markedly affected. Third, Src inhibition did not alter expression of an auditory fear memory. Therefore, the auditory fear memory impairment cannot be attributed to pain perception, an increase in overall fear memory, a nonspecific increase in anxiety, or a general change in auditory processing.
Social recognition tasks take advantage of the innate tendency of an adult rodent to investigate nonfamiliar over familiar conspecifics and, like fear conditioning, is amygdalar dependent (Meredith and Westberry 2004; Markham and Huhman 2008; Petrulis 2009 ). C-Fos expression, which is indicative of neuronal activity, is enhanced in the basolateral and medial amygdala following social recognition tasks (Borelli et al. 2009 ). In the present study, mice were not able to form a robust long-term memory for social recognition following inhibition of the Src-NMDAR interaction. Thus, it is possible that NMDA-dependent plasticity within the BLA could facilitate social recognition. It is well known that an increase in synaptic strength lasting longer than 1-3 h, termed L-LTP, requires protein synthesis in amygdala (Huang and Kandel 2007) and that protein synthesis inhibitors block long-term (but not short-term) social recognition (Richter et al. 2005) . Given that the Src inhibitor was injected systemically, however, it is again possible that Src inhibition within other pathways in the amygdala contributes to the observed deficits in social memory, particularly as we have not investigated synaptic plasticity of NR2B trafficking in the medial nucleus. Local injections of the inhibitor into the medial amygdala and other relevant pathways are required to isolate the relevant loci.
The Src kinase is anchored within the NMDAR complex through an adaptor protein called NADH dehydrogenase subunit (ND2) (Gingrich et al. 2004) . Blocking the interaction between the Src unique domain and ND2 releases Src from the NMDAR complex, thereby inhibiting Src-mediated phosphorylation. To understand the neurocellular mechanisms and role of this inhibition in amygdala learning, we measured NR2B phosphorylation levels in the amygdala of inhibitor-injected mice and NR2B internalization in primary amygdala cultures. There was a decrease in NR2B Tyr-1472 phosphorylation 1 h after injection, while NR2B surface expression was decreased in amygdala cultures in the same time frame. Moreover, the number of membrane clusters coexpressing NR1 and NR2B was reduced, indicating that Tyr-1472 phosphorylation is necessary for proper localization of NMDARs at postsynaptic sites. Whether Tyr-1472 phosphorylation by Src directly regulates NR2B endocytosis is not known, but one possibility is that phosphorylation of Y1472 NR2B down-regulates the binding of NR2B to the endocytosis motif AP-2. The C terminus of the NR2B subunit contains a clathrin adaptor AP-2 binding site and YEKEL internalization motif. Tyrosine-1472 is within this motif; moreover, tyrosine phosphorylation inhibits the binding of AP-2 and promotes surface expression of NMDARs (Prybylowski et al. 2005; Zhang et al. 2008) . Although Fyn, not Src, has been suggested to be the major tyrosine kinase responsible for the phosphorylation of NR2B (at least in transferred HEK cells) (Nakazawa et al. 2001 ), NR2B phosphorylation is not abolished in Fyn knockout mice. This suggests that Src family tyrosine kinases other than Fyn can also phosphorylate NR2B. Indeed, NR2B phosphorylation is modulated by cycline-dependent kinase lV (Cdk4) and PSD-95 in a Src-dependent but Fyn-independent manner (Zhang et al. 2008) , suggesting that Src may be responsible for the remaining phosphorylation of NR2B in Fyn mutant mice.
These results provide a plausible mechanism for the regulation of amygdala-dependent learning by the Src protein kinase. By maintaining NR2B surface localization on the postsynaptic dendrites of amygdalar neurons within the LA and BLA, Src supports the induction of LTP concomitant with US-CS pairing. Further illumination of the role of Src signaling in amygdalar learning could facilitate the development of novel treatments for psychiatric diseases characterized by aberrant fear responses.
Materials and Methods

Subjects
Adult C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME) (8-14 wk old). Male juvenile mice of the same background were obtained from our own breeding colony (25-30 d old). Mice were housed in groups of five in transparent cages on wood chip bedding and provided with dry food pellets and water ad libitum. They were maintained on a 12:12-h light-dark artificial cycle (lights on from 05:00 to 17:00) in a temperature-(208C + 18C) and humidity (50%-60%)-controlled vivarium. One week before the beginning of the experiments, the mice were handled for 2 min each day and habituated to the restraining tube used for i.v. injections. Mice were tested during the light phase between 08:00 and 16:00 h. All animal procedures were approved by the Animal Management Committee of Mount Sinai Hospital and strictly followed the requirements of the Province of Ontario Animals for Research Act 1971 and the Canadian Council on Animal Care.
Drugs
Tat-Src (40-58), , and dansyl-Tat-Src (40-58) were synthesized at the hospital for Sick Children Advanced Protein Technology Centre (Toronto, Canada) on a NovasynCrystal Peptide Synthesizer (NovaBiochem) by Fmoc-chemistry on PEG-PS resin. The solvent used throughout the synthesis was freshly purified DMF. A solution of 20% piperidine in DMF was used for the removal of the Fmoc-protection group. For each Cold Spring Harbor Laboratory Press on October 11, 2017 -Published by learnmem.cshlp.org Downloaded from 0.5 g of resin (0.1 mmol substitution) 4× excess of Fmoc amino acid activated with HATU and diisopropylethylamine (1:1:2 mol/mol/mol) was used for the coupling reaction. The reaction time was 1 h at room temperature. After the synthesis, the peptide-resine conjugate was washed 2× with iso-propanol, and another 2× with diethyl ether, and dried under reduced pressure. The dry peptide-resins conjugate was treated with 20 mL of TFA containing 4 mL thioanisole, 0.4 mL m-cresol, 2 mL 1, 2-ethanedithiol, and 4 mL bromotrimethylsilane at 08C for 2 h. After removal of the resine by filtration and TFA under reduced pressure, 50 mL of diethyl ether and 50 mL of 0.1% TFA solution were added to the residue. The aqueous layer was extracted 3× with diethyl ether and freeze-dried. The crude peptide was dissolved in 0.1 TFA and desalted on a Sephadex G10 column. The peptide was then analyzed by reverse-phase HPLC on a Bondclone C18 column (Phenomenex). Mass spectrometry analysis was performed on a Biosystems/MDS Sciex MALDI Qstar XL quadropole time-of-flight (QqTOF) instrument. The peptides were dissolved in saline and administered i.v. at a dose of (9.3 nmol/g) 60 min before the training phase or testing phase of each experiment. Dose and route of administration was chosen in a pilot experiment where dansyl-tagged Tat-Src (40-58) reaches peak concentration 75 min after an i.v. injection. Concentrations of the inhibitor would reach undetectable levels in the brain by 24 h post-injection.
Immunohistochemistry
Polyclonal antibodies against phospho Tyr-1472 and NR2B were a kind gift from Takanobu Nakasawa (Nakazawa et al. 2006 ). Preparation of lysates from amygdala slices, immunoprecipitation, and immunoblotting were performed as described previously (Nakazawa et al. 2001 (Nakazawa et al. , 2002 . For quantification, the immunoreacted protein bands were analyzed with the Biorad image software.
Dissociated neuronal amygdala cultures
Pregnant mice were sacrificed by cervical dislocation and dissociated neuronal amygdala cultures were prepared from postnatal day 1 (P1) mouse brain. Dissociated amygdala neurons were plated on poly-D-lysine-coated glass coverslips at a density of 115,000/25-mm coverslip. Neurons were grown in Neurobasal medium supplemented with B27 and GlutaMax (Invitrogen) for [18] [19] [20] . To analyze the effect of inhibition of Src, cultures were treated for 60 min with either 20 mM Tat-Src (40-58) dissolved in saline or with saline (control).
Immunocytochemistry
In order to visualize NMDAR surface expression, neurons were fixed after treatment with 4% paraformaldehyde, 5% sucrose in PBS for 10 min, washed with PBS, and then blocked with 10% normal goat serum (NGS) in PBS for 1 h. Surface NMDARs were stained overnight in 3% NGS in PBS with a mouse antibody that recognizes an extracellular epitope of the NR1 subunit (NR1, 1:200; BD PharMingen). After washes in PBS, neurons were permeabilized with 0.2% Triton X-100 in PBS with 10% bovine serum albumin (BSA) and incubated overnight with a rabbit NR2B antibody (1:100; Millipore) to label both surface and internalized NR2B-containing NMDARs. After extensive washes in PBS with 0.1% Triton X-100, cultures were incubated with anti-mouse (green; Cy2) and anti-rabbit (red; Cy5) secondary antibodies (1:200; Jackson Immuno Research). Images were captured using a Leica DM LFSA confocal microscope under identical conditions for all preparations (100 objective, 1024 × 1024 pixels format, identical camera gain and black level). Two different methods were used to analyze the NR2B surface expression. First, the intensity (Pearson's correlation) was used to measure the colocalization intensity between surface NR1 and total NR2B. The method is described by Lavezzari et al. (2004) . Second, the level of surface expression of NR2B-containing NMDARs was determined by quantifying the number of surface dendritic puncta that were immunostained for NR2B compared with the number of puncta immunostained for both NR2B and NR1, using the method described by Zhang et al. (2008) . NR2B surface expression was defined as the ratio of surface receptor (NR2B + NR1) versus total receptor (NR2B). The degree of surface expression was expressed as percentage of mean + SEM normalized to control and statistically compared using a one-way ANOVA with post hoc between treatment groups analyzed with Tukey's post-hoc multiple comparison test (MINITAB 13 for Windows).
Fear conditioning
The fear conditioning apparatus (MED Associates Inc.) consisted of a test chamber (25 cm high, 30 cm wide, 25 cm deep), a removable grid floor of 36 stainless steel rods (3.2 mm diameter, 4.7 mm apart) connected to a constant current shock generator, and an amplifier and speaker. A 12-in, 8-W fluorescent tube (GE Lighting Canada) illuminated the chamber interior. A computer running automated fear conditioning software (FreezeFrame; Actimetrics Software) administered foot shocks and auditory tones. Video images were recorded from the chamber, and the activity of subjects was recorded throughout the experiment. Immediately prior to training, the chamber was cleaned with 70% ethanol. A white cloth covered the front of the chamber. Each subject was removed from its home cage and placed into the chamber for 2 min prior to conditioning. Activity during this time was recorded as baseline. Conditioning consisted of a single pairing of an auditory tone with a continuous foot shock. The tone (3600 Hz; 80 dB) was delivered 2 min after the training session started and was 30 sec in duration. The foot shock (0.75 mA scrambled) was presented during the last 2 sec of the tone. The mouse was left in the chamber for 30 sec and then returned to its home cage. Approximately 24 h later, each subject was returned to the chamber and percentage of freezing was monitored for 5 min in the conditioned context. The activity of each subject was recorded manually by an observer using a stop watch. The mean activity during the context exposure was calculated, subtracted by the mean baseline activity, and used as a measure of contextual learning. Two hours later, the context was changed by covering the grid floor with a sheet of white PerspexTM (polymethyl methacrylate), inserting two sheets of transparent Perspex into the chamber to give it a prism shape, cleaning the chamber with 1% vinegar, covering the front door with a striped black and white card, and turning on the ceiling lights. Each mouse was placed into the altered chamber and allowed 3 min for exploration in the novel environment, after which the auditory tone of 3-min duration was delivered. The mean activity during cue delivery was calculated, subtracted by the mean activity in the novel context (prior to the presentation of the tone), and was taken as a measure of cue-associated learning. The drugs were administered 60 min prior to training in each experiment.
Two different methods were used to measure pain threshold. Tail flick was measured by using a hot-water bath system. The water was maintained at 558C in a constant-temperature water bath. Mice were held in a restrainer, and the distal third of the tail was immersed in the bath. The time required for a mouse to remove its tail was measured by use of a stopwatch, and the tailflick latency score was calculated as the mean of the last two of three trials. Trials were separated by 30-sec intervals.
Shock threshold was assessed by placing the animal in the fear conditioning chamber and by delivering foot shocks starting at 0.075 mA and increasing by 0.05 mA every 30 sec. The experiment was terminated at the shock intensity sufficient to induce audible vocalization.
Social recognition
For social recognition experiments, we used the procedure described by Kogan et al. (2000) . In brief, adult male mice were single-caged prior to an experimental session. After 15 min a male juvenile mouse was added to the cage for an initial interaction trial of 2 min. Twenty hours later, either the same or a novel juvenile was placed back into the adult's cage for a 2-min test trial. 
Statistics for behavior tests
Data from cued fear conditioning and social recognition were subjected to one-way ANOVA between treatment groups. When the ANOVA detected significant treatment effects, pairwise differences between means for a given variable were evaluated using Tukey's post-hoc multiple comparison test, with significance set at P , 0.05. All statistics were calculated using MINITAB for Windows 13.32 (Minitab Inc.) . All values reported in the text and figures are expressed as means + SEM.
Electrophysiology
Extracellular excitatory field potentials (fEPSPs) in the lateral nucleus to basolateral nucleus pathway (LA-BLA) were recorded as described by Schimanski and Nguyen (2005) . In brief, freshly isolated brains from 8 -10-wk-old C57Bl6/J mice were submerged in ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): 126 NaCl, 3.3 KCl, 26 NaHCO 3 , 2 CaCl 2 , 2 MgCl 2 , and 10 glucose (pH 7.35). Coronal slices (400 mM) were prepared from brain sections using a vibratome. Slices were maintained at room temperature in a submerged chamber containing aerated ACSF (95% O 2 /5% CO 2 ) for a minimum of 3 h before electrophysiological studies commenced. Individual slices were then transferred to a submerged recording chamber and superfused with aerated ACSF with the ionic composition as above except that KCl was raised to 4 mM and MgCl 2 reduced to 1.2 mM (superfusion ACSF). Slices were maintained at 29.58C + 0.58C. To measure fEPSPs in the LA-BLA pathway, a concentric bipolar stimulating electrode (platinum/iridium, HFC) was inserted into the LA near the apex formed by the intersection of the internal and external capsules. The recording electrode was placed ventrally at the LA-BLA boundary to measure field potentials from the dendrites of BLA neurons (Schimanski and Nguyen 2005) . Electrophysiological responses induced by an S88 stimulator (Grass Instruments) were recorded using an Axopatch 1D amplifier (Axon Instruments). Only preparations showing a clearly discernable, early presynaptic volley followed by a fEPSP of at least 2 mV maximum amplitude were used. The fEPSP slope, measured between ≈10%-60% of the peak amplitude, was used to estimate synaptic strength. Initially, slices were superfused in an open bath, but switched to a closed recirculating bath containing 40 mL superfusion ACSF with 10 mM bicuculine, and in experimental trials, with 20 mM of the Src inhibitory peptide Tat-Src (40-58). These drug-treated slices were preincubated with peptide for 40-50 min before the start of baseline recording, while control slices were preincubated in ACSF and bicuculine in the closed bath for the same duration. In both groups, the chamber remained in the closed configuration for the remainder of the experiment. Following preincubation, fEPSPs at 50% of maximum slope were recorded every 30 sec for 15 -20 min. The last 10 min of this recording period was used as the baseline for subsequent LTP measurements. To induce LTP, the LA was then tetanized by five 100-Hz trains lasting 1 sec and separated by 10 sec. Post-tetanic fEPSPs were recorded once every 30 sec for the next 60 min.
